irregular in shape, and lack the features characteristic of the AHT starches (Fig. 2f, g ).
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Correspondence and requests for materials should be addressed to D. R The deposition of atmospheric dust into the ocean has varied considerably over geological time 1, 2 . Because some of the trace metals contained in dust are essential plant nutrients which can limit phytoplankton growth in parts of the ocean, it has been suggested that variations in dust supply to the surface ocean might influence primary production 3, 4 . Whereas the role of trace metal availability in photosynthetic carbon fixation has received considerable attention, its effect on biogenic calcification is virtually unknown. The production of both particulate organic carbon and calcium carbonate (CaCO 3 ) drives the ocean's biological carbon pump. The ratio of particulate organic carbon to CaCO 3 export, the so-called rain ratio, is one of the factors determining CO 2 sequestration in the deep ocean. Here we investigate the influence of the essential trace metals iron and zinc on the prominent CaCO 3 -producing microalga Emiliania huxleyi. We show that whereas at low iron concentrations growth and calcification are equally reduced, low zinc concentrations result in a de-coupling of the two processes. Despite the reduced growth rate of zinc-limited cells, CaCO 3 production rates per cell remain unaffected, thus leading to highly calcified cells. These results suggest that changes in dust deposition can affect biogenic calcification in oceanic regions characterized by trace metal limitation, with possible consequences for CO 2 partitioning between the atmosphere and the ocean.
The production of CaCO 3 in the surface ocean, its export to greater depths and its deposition in the sediment above the lysocline (the depth below which CaCO 3 dissolves) affect atmospheric CO 2 in two ways. On a timescale that is shorter than the ocean mixing time, CaCO 3 export reduces alkalinity in the surface ocean and lowers its storage capacity for atmospheric CO 2 . On a timescale of thousands of years, a mechanism called carbonate compensation balances CaCO 3 burial with its supply of raw materials (riverine calcium and carbonate ions) by adjusting the depth of the lysocline 5 . This determines the deep ocean's carbonate ion concentration and controls surface water carbonate chemistry and consequently atmospheric CO 2 . On both timescales a reduction in CaCO 3 export lowers CO 2 concentrations in the atmosphere.
CaCO 3 is predominantly produced in the open ocean, to a large extent by coccolithophores 6 . These open-ocean areas are subject to strong changes in atmospheric trace metal deposition. The rates for both iron and zinc deposition are probably up to ten times lower in today's ocean compared with the glacial ocean (see ref. 1 and references therein for iron, and Fig. 1 for zinc). Today iron concentrations limit phytoplankton productivity in large parts of the ocean known as high nitrate low chlorophyll (HNLC) areas 7 . Outside these regions iron availability is generally sufficient for most primary producers; however, productivity is often limited by the macronutrient nitrogen 8 . Although the significance of openocean zinc limitation awaits further assessment, prevailing zinc concentrations have been found to limit phytoplankton growth 9 , particularly that of coccolithophores 10 . To simulate open-ocean iron and zinc limitation and to examine their effect on biogenic calcification, the prominent CaCO 3 producer E. huxleyi was grown under well-defined trace metal conditions, using the trace metal chelator EDTA and varying additions of iron chloride (FeCl 3 ) or zinc chloride (ZnCl 2 ). Because E. huxleyi has the ability to substitute cobalt for zinc 11 (Fig. 2a) . Over the observed range neither the CaCO 3 content per cell (Fig. 2b) nor the cellular CaCO 3 to nitrogen ratio (Fig. 2d) (Fig. 3b) . This was confirmed by scanning electron microscopy, which showed that cells of E. huxleyi were covered with multiple layers of calcite platelets (coccoliths) under zinc-depleted conditions, compared with 1-2 layers of coccoliths at high [Zn 2þ ] (Fig. 4a and b, respectively) . The ratio of cellular CaCO 3 to nitrogen increased more than twofold, from about four at high [Zn 2þ ] to approximately nine at low [Zn 2þ ] (Fig. 3d) . In contrast, the CaCO 3 production rate per cell was hardly affected (Fig. 3c) .
In the iron experiment, higher CaCO 3 contents and production rates per cell were observed at low [CO 2 ], consistent with previous findings 14 ( Fig. 2b, c) . Owing to the massive zinc-related response of the cellular CaCO 3 content (Fig. 3b) and the comparatively high variability within and between CO 2 treatments, the relatively small effect of carbonate chemistry on calcification could not be detected in the zinc assay.
The observed differences in calcification between iron-and zinclimited cells may reflect the different roles of the two micronutrients in cellular processes. Although zinc deficiency slows down cellular growth and nitrogen utilization rates, it does not significantly affect the rate of CaCO 3 production (Fig. 3c) . The resulting de-coupling of growth and calcification causes CaCO 3 accumulation in slowgrowing cells of E. huxleyi (Fig. 3b) . This also leads to a steady increase in the cellular CaCO 3 to nitrogen ratio when changing from high to low [Zn 2þ ] (Fig. 3d) . On the contrary, iron depletion not only reduces growth and nitrogen utilization rates, but equally reduces the rate of cellular CaCO 3 production (Fig. 2c) . Therefore, the cellular CaCO 3 to nitrogen ratio remains fairly constant with varying iron availability (Fig. 2d) . 
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The biogeochemical relevance of the observed responses to iron and zinc limitation is likely to differ between oceanic regions. Increased atmospheric deposition of iron and zinc in the ocean's HNLC areas during glacial times has probably not significantly altered global CaCO 3 production. For reasons not fully understood, pelagic calcification is only of minor importance in these regions. In the largest HNLC region, the Southern Ocean, CaCO 3 production seems to be negligible 6 . This is also true for the equatorial Pacific, which is dominated by siliceous primary production, as is clearly reflected in the underlying sediments 15 above the lysocline. Only in the iron-deficient Pacific above 458 N does CaCO 3 production match that in the rest of the North Pacific 6 . As this area is comparatively small, however, its contribution to global calcification is bound to be low. Additionally, in HNLC areas diatoms have been shown to benefit most from iron or combined iron and zinc additions (see refs 9, 10 and references therein) by increasing nitrogen utilization and biomass production.
Outside the HNLC areas, export production is limited by the supply of macronutrients, primarily nitrate 8 . In many of these areas total dissolved zinc concentrations (see refs 16, 17 and references therein) are as low as those found in parts of the North Pacific 18 , where coccolithophorid growth has been shown to be limited by zinc 10 . Considering that in the present ocean up to 450 mg m 22 dissolvable zinc is deposited atmospherically per year 19 compared with 1,000 mg m 22 zinc per year which is upwelled (taking a deepocean zinc concentration of 5.4 nmol kg 21 and a mean deep-surface water exchange volume of 3 m 3 m 22 per year 15 ), a tenfold increase (Fig. 1 ) in atmospheric deposition can be expected to significantly alter surface ocean zinc concentrations. Moreover, Northern Hemisphere atmospheric zinc deposition in the recent pre-industrial period was probably one-half to one-third of that today, as indicated by zinc measurements taken in Arctic ice and snow (Fig. 1) . Thus, regions in which growth of coccolithophores is potentially zinclimited today probably experienced significant alleviation during glacial times.
There are two ways in which changes in zinc supply to the surface ocean by means of atmospheric dust deposition could alter global CaCO 3 production on glacial/interglacial timescales. On the one hand, results of a recent study 10 indicate that alleviation of zinc limitation may be accompanied by changes in the natural phytoplankton assemblages in favour of coccolithophores. This would lead to higher coccolithophorid-based biomass and potentially higher total CaCO 3 production at the community level. The results of this study, on the other hand, indicate that the amount of CaCO 3 that is precipitated in conjunction with a given amount of coccolithophorid biomass produced is expected to decrease with increasing surface-water zinc concentrations. On the basis of this effect, higher atmospheric zinc deposition during glacial periods would correspond to lower CaCO 3 production.
If coccolithophorid zinc limitation proves to be a general phenomenon in today's oceans, the observed processes may influence the strength of the ocean's CaCO 3 pump. Any change in its intensity directly affects the rain ratio, thereby altering carbon sequestration in the ocean. Long-term variation in atmospheric zinc deposition and its potential effect on biogenic calcification may therefore need to be considered in the context of glacial/interglacial changes in CO 2 partitioning between atmosphere and ocean. A
Methods

Experimental setup
Mono-specific cultures of E. huxleyi clone PML B92/11 were grown in triplicates (zinc experiment) or duplicates (iron experiment) at 15 8C in 0.2 mm filtered sea water, originating from the Gulf of Biscay (zinc experiment) and the Antarctic Ocean (iron experiment), at a photon flux density of 180 . Note that the lower maximum growth rate in this experiment compared with the iron experiment (Fig. 2a) was due to the lack of the vitamin thiamine. A control experiment with thiamine added at selected [Zn 2þ ] (data not shown) resulted in the same trends at higher m i . Figure 4 Scanning electron microscopy images of E. huxleyi grown under different free zinc and CO 2 concentrations. a, 0.3 pmol kg 21 letters to nature
